All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

The maintenance of genome stability relies on successful DNA replication and equal partitioning of the duplicated DNA during mitosis. However, stresses of endogenous or exogenous origin can jeopardize genome stability, fueling cancer development or senescence. Endogenous stress is a significant biological phenomenon because cells are chronically exposed to such stress throughout their lifespan; thus, endogenous stress constitutes a major source of genome instability. In this context, replication stress and oxidative stress (OS) are two major endogenous stresses that are frequently proposed as primary sources of genome instability.

The progression of replication forks (RFs) is routinely obstructed by obstacles of endogenous and exogenous origin on the DNA, leading to the stalling, collapse or breakage of RFs and genome instability \[[@pgen.1006007.ref001],[@pgen.1006007.ref002]\]. Such hindrances to fork progression also challenge the completion of DNA replication, resulting in unrepaired/unreplicated DNA at mitotic entry and thus mitotic defects and aneuploidy. Notably, replication failure leads to mitotic anaphase bridges and breaks at common fragile sites \[[@pgen.1006007.ref001]--[@pgen.1006007.ref003]\]. Moreover, although they do not contain DNA, active mitotic extra centrosomes (MECs) are a consequence of replication stress, leading to multipolar chromosomal segregation or chromosome lagging, thus amplifying chromosome instability from a local problem during replication to a genome-wide problem after mitosis \[[@pgen.1006007.ref004]\]. Consistently, spontaneous activation of the DNA damage response (DDR) has been described as a consequence of endogenous DNA replication stress in pre-cancerous cells and during the early stages of malignancy or senescence \[[@pgen.1006007.ref005]--[@pgen.1006007.ref008]\]. Similarly, centrosome abnormalities have also been described during the early stages of malignancy \[[@pgen.1006007.ref009]--[@pgen.1006007.ref011]\], lending molecular support to the theory that tumors have a clonal origin and arise through multipolar chromosomal segregation, which was proposed by Boveri one century ago \[[@pgen.1006007.ref012],[@pgen.1006007.ref013]\]. Therefore, elucidating the origin of the endogenous factors that are responsible for spontaneous replication stress is of crucial importance. However, little is known regarding the nature of endogenous replication stress because this phenomenon is difficult to detect and analyze.

Homologous recombination (HR) is an evolutionarily conserved process that plays a pivotal role in the protection and reactivation of blocked RFs and in the repair of replication-associated double-strand breaks \[[@pgen.1006007.ref001],[@pgen.1006007.ref002],[@pgen.1006007.ref014]\]. In addition, actors in the HR process can also protect the arrested replication forks, even without leading to an HR outcome \[[@pgen.1006007.ref015]--[@pgen.1006007.ref017]\]. Since Because RF progression is routinely arrested by endogenous stress, an HR deficiency should reveal the endogenous replication stress. Supporting this conclusion is the fact that unchallenged HR-deficient (*HR*^*-*^) cells spontaneously display lower rates of RF progression \[[@pgen.1006007.ref004],[@pgen.1006007.ref018]\]. Importantly, the endogenous replication defect in *HR*^*-*^ cells leads to the formation of MECs and unbalanced multipolar chromosomal segregation \[[@pgen.1006007.ref004]\]. Therefore, identifying the causes of endogenous stress that lead to RF deceleration in *HR*^*-*^ cells is essential for deciphering the process(es) responsible for spontaneous chromosome instability in general.

There are multiple causes of endogenous replication stress that are difficult to unify \[[@pgen.1006007.ref019]\]. Because OS is an important chronic endogenous stress, in this study, we addressed whether OS, as a possible endogenous stress, may be responsible for the spontaneous deceleration of RFs in *HR*^*-*^ cells. Endogenous OS results from the production of reactive oxygen species (ROS) as by-products of cellular metabolism. The most well-documented process by which OS generates genome instability is mutagenesis through DNA injuries caused by the generation of oxidized bases and apurinic sites. Note that *in vitro*, some oxidative DNA damage is able to impede the progression of polymerases \[[@pgen.1006007.ref020]\]. In addition, DNA double-strand breaks (DSBs) generated by OS can also provoke replication fork collapse. In addition to DNA damage, OS can affect replication through additional processes, such as by regulating the activities of replication proteins \[[@pgen.1006007.ref021]--[@pgen.1006007.ref026]\]. Finally, many cells that are affected by the DNA damage response (DDR), such as ataxia telangiectasia, Fanconi anemia, Cockayne syndrome or Bloom syndrome cells, or defective in BRCA1 exhibit elevated levels of endogenous ROS \[[@pgen.1006007.ref027]--[@pgen.1006007.ref032]\]. Here, we address whether OS might control the slow replication velocity of *HR*^*-*^ cells.

We show that OS can affect the nucleotide pool and replication fork progression and generate MEC. In *HR*^*-*^ cells, we revealed that endogenous OS is a major source of endogenous replication stress. These data show that the two most typically evoked endogenous stresses, OS and replication stresses, are linked at the origin of spontaneous genome instability. The data also emphasize the importance of HR as a barrier against spontaneous genetic instability triggered by the endogenous oxidative/replication stress axis.

Results {#sec002}
=======

N-acetyl-cysteine or maintaining low oxygen levels rescues the replication fork speed in *HR*^*-*^ cells {#sec003}
--------------------------------------------------------------------------------------------------------

The cell lines used in our study were derived from hamster V79 cells (described in [Table 1](#pgen.1006007.t001){ref-type="table"} and in the Materials and Methods) because several extensively characterized *HR*^*-*^ cell lines exist in this background. Here we used cell lines with a loss-of-function mutation in the endogenous *BRCA2* gene (V-C8 cells) \[[@pgen.1006007.ref033],[@pgen.1006007.ref034]\] or cell lines expressing a dominant-negative form of RAD51 (V79SM24), which specifically inhibits gene conversion \[[@pgen.1006007.ref035],[@pgen.1006007.ref036]\].
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###### Cell lines and derivatives.

![](pgen.1006007.t001){#pgen.1006007.t001g}

  *Cell lines*      *Origin*                                              *Plasmid or chromosome transferred*
  ----------------- ----------------------------------------------------- --------------------------------------------------------------------------------------
  V79               Wild-type hamster cell line                           None
  V79puro           V79                                                   Empty expression vector (pCDNA3-puro) \[[@pgen.1006007.ref036]\]
  V79SM24 (HR^-^)   V79                                                   Vector coding for dominant-negative SMRad51 (pCDNA3-puro) \[[@pgen.1006007.ref036]\]
  VC-8 (HR^-^)      V79-deficient in *Brca2* \[[@pgen.1006007.ref033]\]   None
  VC-8\#13          VC-8 complemented \[[@pgen.1006007.ref033]\]          Human *BRCA2* is expressed from human chromosome 13

The RF speed was monitored using single-molecule analysis via molecular combing ([Fig 1A](#pgen.1006007.g001){ref-type="fig"}). As described previously, *HR*^*-*^ cells (V79SM24 and V-C8) experience significantly slower RF speeds than control cells ([Fig 1B and 1C](#pgen.1006007.g001){ref-type="fig"}) \[[@pgen.1006007.ref004],[@pgen.1006007.ref018]\]. Note that silencing the pivotal HR protein RAD51 also leads to a significant deceleration of the replication speed in human JEFF cells ([S1 Data](#pgen.1006007.s001){ref-type="supplementary-material"}). To address whether endogenous OS causes a slow replication fork speed in HR-deficient cells, we first treated the cells with the antioxidant N-acetyl-cysteine (NAC). Interestingly, while exposure to NAC did not influence the RF kinetics of wild-type (WT) cells, this treatment increased the RF speed of *HR*^*-*^ cells to the levels observed in their respective controls ([Fig 1B](#pgen.1006007.g001){ref-type="fig"}).

![Impact of NAC or low O~2~ levels on the genome-wide replication fork speed.\
**A/** Examples of combed DNA fibers with replication tracts: IdU (green), CldU (red) and the scheme of the experiment (upper panels). **B**/ RF speed distribution in V79 cells and derivatives (left) and V-C8 cells and derivatives (right) after exposure to NAC (3 mM). **C**/ RF speed distribution in V79 cells and derivatives (left) and V-C8 cells and derivatives (right) that were maintained at 20% versus 3% O~2~. The median and p-values are indicated in the histogram (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001). The median values are represented as horizontal black lines. ns: not significant. Approximately 100--120 fibers were scored per condition.](pgen.1006007.g001){#pgen.1006007.g001}

To corroborate the impact of endogenous OS on the RF speed, we then maintained the cells at low O~2~ level (3%) for several weeks. Under these conditions, the RF kinetics of the WT cells remained unaffected, whereas the RF speed in *HR*^*-*^ cells increased to levels comparable to those observed in the WT cells ([Fig 1C](#pgen.1006007.g001){ref-type="fig"}). Taken together, these data show that the slow replication fork progression in HR-deficient cells can be alleviated by decreasing endogenous OS.

N-acetyl-cysteine or maintaining low oxygen levels reduces MECs {#sec004}
---------------------------------------------------------------

MECs have been shown to be tractable predictive markers of mitotic dysfunction in response to low or endogenous replication stress \[[@pgen.1006007.ref004]\]. Thus, we measured the occurrence of MECs ([Fig 2A](#pgen.1006007.g002){ref-type="fig"}) after NAC treatment or in cells cultured at 3% oxygen.

![Impact of NAC or low O~2~ levels on supernumerary centrosomes in mitotic cells (MEC).\
**A/** Examples of labeled centrosomes in mitotic cells (see chromosomal DAPI staining in lower panels). Left photograph: normal centrosome number (= 2); right photographs: aberrant centrosome numbers (≠2) leading to metaphase alterations (see DNA labeling in lower panels). Scale bar, 10 μm. **B/** Frequencies of mitotic cells with aberrant centrosome numbers. Left histograms: V79 cells and derivatives; right histograms: V-C8 cells and derivatives. **C/** Impacts of a low level of O~2~ (3%) on MECs. The mean value +/- s.d. was calculated from at least three independent experiments. In total, 150 mitoses were scored for each experiment and condition.](pgen.1006007.g002){#pgen.1006007.g002}

In unchallenged conditions, the frequency of MECs is spontaneously higher in *HR*^*-*^ cells than in WT cells, as described previously \[[@pgen.1006007.ref004],[@pgen.1006007.ref035],[@pgen.1006007.ref037]\]. While treatment with NAC did not affect the frequency of MECs in the WT cells, this treatment decreased the frequency of MECs in *HR*^*-*^ cells ([Fig 2B](#pgen.1006007.g002){ref-type="fig"}). Consistently, maintaining the cells at 3% O~2~ recovered the frequency of MECs in *HR*^*-*^ cells without altering this frequency in WT cells ([Fig 2C](#pgen.1006007.g002){ref-type="fig"}).

Taken together, these data show that endogenous oxidative stress accounts for the spontaneous MECs that occur in HR-deficient cells.

HR-deficient cells exhibit spontaneously higher levels of endogenous ROS {#sec005}
------------------------------------------------------------------------

High levels of endogenous ROS have been described in different cells affected in the DDR \[[@pgen.1006007.ref027]--[@pgen.1006007.ref032]\]. More specifically, cells defective in BRCA1 exhibit high levels of endogenous ROS \[[@pgen.1006007.ref027]\]. Therefore, although the underlying mechanisms remain puzzling, we tested the endogenous level of ROS in *HR*^*-*^ cells using the fluorescent probe 2',7'-dichlorofluorescein diacetate ([Fig 3](#pgen.1006007.g003){ref-type="fig"}). Similar to other DDR-defective cells, *HR*^*-*^ cells show higher levels of spontaneous ROS than their respective controls ([Fig 3A](#pgen.1006007.g003){ref-type="fig"}). Treatment with NAC partially decreased the level of endogenous ROS in both WT and *HR*^*-*^ cells, but the levels remained higher in *HR*^*-*^ cells ([Fig 3A](#pgen.1006007.g003){ref-type="fig"}).

![Level of intracellular ROS.\
**A/** endogenous ROS. NAC: 2mM. The mean value +/- s.d. was calculated from at least three independent experiments. **B/ After exposure to H**~**2**~**O**~**2**~. The value +/- s.d. was calculated from at least three independent experiments.](pgen.1006007.g003){#pgen.1006007.g003}

The level of spontaneous intracellular ROS in *HR*^*-*^ cells corresponds to that of WT cells exposed to doses of H~2~O~2~ between 10 and 50 μM ([Fig 3B](#pgen.1006007.g003){ref-type="fig"}). Exposure to H~2~O~2~ increased the intracellular level of ROS in both WT and *HR*^*-*^ cells, showing that ROS were not present at a saturated concentration in *HR*^*-*^ cells ([Fig 3B](#pgen.1006007.g003){ref-type="fig"}).

Because OS might affect the replication speed (via different targets), the high level of endogenous ROS could account for the RF deceleration observed in *HR*^*-*^ cells. However, it is essential to verify that increasing intracellular ROS levels actually affect the replication speed and MECs.

H~2~O~2~ reduces the genome-wide replication speed and generates MECs {#sec006}
---------------------------------------------------------------------

To sustain the impact of OS on replication fork progression, we treated WT cells with H~2~O~2~. The exposure of WT cells to 10 μM H~2~O~2~, which does not significantly affect the viability of WT or *HR*^*-*^ cells ([S2 Data](#pgen.1006007.s002){ref-type="supplementary-material"}) led to levels of RF deceleration that were comparable to those observed in untreated *HR*^*-*^ cells ([Fig 4A and 4B](#pgen.1006007.g004){ref-type="fig"}). H~2~O~2~ also decreased the replication speed in *HR*^*-*^ cells ([Fig 4B](#pgen.1006007.g004){ref-type="fig"}), which is consistent with the increase in ROS (see [Fig 3](#pgen.1006007.g003){ref-type="fig"}).

![Impact of H~2~O~2~ on the genome-wide replication speed.\
**A/** Examples of molecular combing fibers. **B/** RF speed distribution in V79 cells and derivatives (left) and V-C8 cells and derivatives (right) after exposure to H~2~O~2~ (5 μM). The median values are represented as horizontal black lines. p-value: \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; ns: not significant. Approximately 100--120 fibers were scored per condition. **C/** Impact of H~2~O~2~ on MECs in V79 cells and derivatives (left) and V-C8 cells and derivatives (right). The mean value +/- s.d. was calculated from at least three independent experiments. In total, 150 mitoses were scored for each experiment and condition. **D/** The effects of the addition of dNs on the replication fork speed after exposure to H~2~O~2~. The replication fork speed distribution in V79 cells and derivatives (left) and V-C8 cells and derivatives (right) is presented. The numbers correspond to the median replication speed. The median (black lines) and p-values are indicated in the histogram (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001). ns: not significant. 100 to 145 fibers were scored per condition.](pgen.1006007.g004){#pgen.1006007.g004}

Importantly, under these conditions, MECs occurred at a frequency similar to that observed in unchallenged *HR*^*-*^ cells (compare [Fig 4C](#pgen.1006007.g004){ref-type="fig"}). These data show that sub-lethal doses of H~2~O~2~ actually lead to the genome-wide deceleration of replication forks in association with MECs. Consistent with our data, exposure to the pro-oxidant agent H~2~O~2~ has been shown to activate the phosphorylation of Chk1 \[[@pgen.1006007.ref038],[@pgen.1006007.ref039]\].

In various situations, reduced RF rates have been corrected by adding dNs to the culture medium \[[@pgen.1006007.ref004],[@pgen.1006007.ref040]--[@pgen.1006007.ref043]\]. More specifically, supplying dNs has been shown to correct the slow replication speed of the *HR*^*-*^ cells used here \[[@pgen.1006007.ref004]\]. Consistent with these reports, the RF speed deceleration that occurs in response to OS can be alleviated by supplying dNs to the culture medium ([Fig 4D](#pgen.1006007.g004){ref-type="fig"}).

H~2~O~2~ alters the nucleotide pool {#sec007}
-----------------------------------

Among the different ways that OS might affect replication, the above results suggest that an alteration of the nucleotide pool might be a major cause of the OS-induced replication deceleration. Moreover, in the yeast *Saccharomyces cerevisiae*, the ribonucleotide reductase is oxidized by ROS \[[@pgen.1006007.ref044]\]. Therefore, we analyzed the nucleotide pools.

First, we confirmed that the method \[[@pgen.1006007.ref045]\] used here is actually able to detect subtle imbalances in the dNTP pool after exposure to low doses of HU. In particular, HU provoked a dose-dependent decrease in the dATP concentration ([Fig 5A](#pgen.1006007.g005){ref-type="fig"}). Interestingly, the method was sensitive enough to detect the effect of HU at doses as low as 10 μM ([Fig 5A](#pgen.1006007.g005){ref-type="fig"}). Exposure to H~2~O~2~ also led to an imbalanced dNTP pool ([Fig 5B](#pgen.1006007.g005){ref-type="fig"}). Specifically, the dATP pool was affected at levels similar to those that result from exposure to 10 μM HU (compare [Fig 5A and 5B](#pgen.1006007.g005){ref-type="fig"}). Consistently, exposure to 10 μM H~2~O~2~ also resulted in a slight oxidation of the ribonucleotide reductase subunit RRM2 ([S3 Data](#pgen.1006007.s003){ref-type="supplementary-material"}). *HR*^*-*^ cells exhibit a spontaneously unbalanced dNTP pool in comparison to their respective controls, although the patterns are different in the two different kinds of HR-defective cells ([Fig 5C](#pgen.1006007.g005){ref-type="fig"}).

![dNTP pool measurements.\
**A/** dNTP concentrations after exposure to different doses of HU. **B/** dNTP concentrations after exposure to H~2~O~2~. **C/** dNTP concentrations in unchallenged WT and *HR*^*-*^ cells. **D/** Impact of NAC (2 mM, 48 h) on dNTP concentrations in WT and *HR*^*-*^ cells. The experiments were performed in triplicate. NT: not treated.](pgen.1006007.g005){#pgen.1006007.g005}

Importantly, treatment with NAC increased the concentrations of the dNTP pools in both WT and *HR*^*-*^ cells ([Fig 5D](#pgen.1006007.g005){ref-type="fig"}). These results are consistent with those obtained after measuring the replication speed. Indeed, both NAC and the dNs supply affect the replication speed similarly; both rescue the replication speed in *HR*^*-*^ cells without affecting the replication speed in WT cells.

In yeast, the nucleotide pool is a limiting factor for replication progression \[[@pgen.1006007.ref046]\]. In mammalian cells, the fact that doses of HU as low as 10 μM, which cause only a slight imbalance in the dNTP pool (see [Fig 5A](#pgen.1006007.g005){ref-type="fig"}), are able to affect the replication speed suggest that the dNTP pool is a limiting factor. Remarkably, the present data suggest that the dNTP pool might also be a limiting factor at 20% O~2~ but they also suggest that the dNTP pool might not be a limiting factor at low endogenous ROS level.

The above results concerning the dNTP pool can account for the rescue of the replication speed of *HR*^*-*^ cells by anti-oxidant treatments. However, these results do not exclude the possibility that other mechanisms also participate in the observed difference in replication speeds between unchallenged WT and *HR*^*-*^ cells maintained at 20% O~2~. Importantly, OS can also generate DNA damage that might more or less directly require HR to be processed. Indeed, BRCA1 and BRCA2 protect against double-strand breaks induced by oxidative DNA damage during DNA replication \[[@pgen.1006007.ref047]\]. Therefore, OS-induced DNA breaks should accumulate in unchallenged *HR*^*-*^ cells, both due to the repair defect of OS-induced breaks and due to the higher level of endogenous ROS. Reciprocally, OS should induce HR. Indeed, both DSBs and replication stress stimulate HR \[[@pgen.1006007.ref048],[@pgen.1006007.ref049]\]. Thus, we first measured the spontaneous accumulation of foci of the DNA break recognition proteins γH2AX and XRCC1 in *HR*^*-*^ cells. Second, we measured whether OS can actually induce HR.

*HR*^*-*^ cells accumulate spontaneous γH2AX and XRCC1 foci that are rescued by antioxidant treatments {#sec008}
------------------------------------------------------------------------------------------------------

Using specific antibodies, we analyzed via immunofluorescence the spontaneous accumulation of foci of the γH2AX and XRCC1 proteins, which recognize double- and single-strand breaks, respectively ([Fig 6](#pgen.1006007.g006){ref-type="fig"}).

![Spontaneous γH2AX and XRCC1 foci.\
**A/γ**H2AX foci. Left panels: example of γH2AX foci. The nuclei are counterstained with DAPI (blue). Right panels: normalized frequency of cells with \>10 spontaneous foci. **B/** XRCC1 foci. Left panel: example of XRCC1 foci. The nuclei are counterstained with DAPI (blue). Right panel: normalized frequency of cells with \>10 spontaneous foci. At least 200 cells were counted. NAC: 2 mM, 48 h. The data were obtained from three independent experiments (error bars: s.e.m.).](pgen.1006007.g006){#pgen.1006007.g006}

Interestingly, *HR*^*-*^ cells exhibited spontaneously higher levels of both γH2AX and XRCC1 foci ([Fig 6A and 6B](#pgen.1006007.g006){ref-type="fig"}). Importantly, increased foci were suppressed both by treatment with NAC and by maintaining the cells at 3% O~2~ ([Fig 6A and 6B](#pgen.1006007.g006){ref-type="fig"}), showing that these types of damage actually resulted from endogenous ROS.

H~2~O~2~ stimulates intrachromosomal HR {#sec009}
---------------------------------------

To analyze the impact of OS on HR, we used 3 different human cell lines that bear intrachromosomal DR-GFP substrates ([Fig 7A](#pgen.1006007.g007){ref-type="fig"}), which specifically monitor gene conversion \[[@pgen.1006007.ref050]\].

![Impact of H~2~O~2~ on HR frequency.\
**A/** HR was measured in three different cell lines (U2OS, RKO and RG37, which is an SV40 immortalized human fibroblast \[[@pgen.1006007.ref056]\]) bearing an intrachromosomal substrate (DR-GFP) that monitors HR \[[@pgen.1006007.ref050]\]. Left panel: HR substrate (DR-GFP); two inactive GFP genes organized into direct repeats are integrated into the cells' genomes. The 5' GFP cassette is inactivated because of a mutational insertion (white scare). The 3' GFP cassette is inactivated because of deletions in both the 5' and 3' sequences. HR between the two GFP genes can generate a functional GFP gene through gene conversion without crossing over. Recombinant cells are thus GFP-positive (GFP^+^) and can be monitored by FACS \[[@pgen.1006007.ref050]\]. Right panel: experimental scheme. **B/** Induction of HR events by H~2~O~2~ in the RG37 (left panel), RKO (middle panel) and U2OS (right panel) cell lines. The values correspond to the induced number of recombinant cells (GFP^+^): the number of GFP^+^ cells in 2x10^5^ cells exposed to H~2~O~2~ subtracted from the number of GFP^+^ cell clones among 2x10^5^ untreated cells. The values correspond to at least three independent experiments. **C/** Impact of supplying dNs on H~2~O~2~-induced HR. The values correspond to at least three independent experiments.](pgen.1006007.g007){#pgen.1006007.g007}

Remarkably, 10 μM H~2~O~2~ stimulated HR ([Fig 7B](#pgen.1006007.g007){ref-type="fig"}) in two different human cell lines (RG37 and RKO). Higher doses of H~2~O~2~ were too toxic to allow for HR monitoring. In the third human cell line (U2OS), HR stimulation was detectable upon exposure to 50μM H~2~O~2~ ([Fig 7B](#pgen.1006007.g007){ref-type="fig"}). These data show that OS actually generates a recombinogenic stress.

Remarkably, supplying dNs partially decreased the OS-induced HR ([Fig 7C](#pgen.1006007.g007){ref-type="fig"}). Because replication stress, which can be rescued by the dNTP supply, stimulates HR \[[@pgen.1006007.ref049]\], these data suggest that OS-induced HR results from the replication stress generated by OS. Competition for dNTP uptake between DNA replication and DNA repair can account for these data, as discussed below.

Discussion {#sec010}
==========

HR plays a pivotal role in the reactivation of arrested replication forks. In addition, HR proteins, such as BRCA2 or RAD51, can also protect arrested RFs without leading to a recombination outcome \[[@pgen.1006007.ref015]--[@pgen.1006007.ref017]\]. Consequently, HR deficiency reveals the endogenous causes of spontaneous replication stress. Consistently, *HR*^*-*^ cells experience spontaneous genome-wide RF deceleration \[[@pgen.1006007.ref004],[@pgen.1006007.ref018]\]. Here, we have identified endogenous OS as a major endogenous cause of the spontaneous RF deceleration that arises in *HR*^*-*^ cells. These data show that the two most frequently evoked endogenous stresses during oncogenesis and senescence initiation are linked and that defects in HR exacerbate the endogenous replication stress that is caused by endogenous OS.

The impact of OS on genetic instability through direct injury of the DNA, such as oxidized bases or abasic sites, which lead to local mutagenesis, has been documented extensively. In addition, the incorporation of oxidized nucleotides results in a pre-mutagenic lesion in the genome \[[@pgen.1006007.ref051]\]. We show here an additional mechanism by which OS mediates genetic instability (i.e., chromosome mis-segregation through the formation of MECs generated by replication stress). Indeed, altered replication dynamics ultimately lead to mitotic defects \[[@pgen.1006007.ref004]\]. Here, we show that OS generates MECs, which is consistent with the impact of OS on replication kinetics. MECs are a potential source of multipolar segregation or more hazardous merotelic kinetochore attachments that escape the mitotic spindle checkpoint. Thus, in addition to point mutations in the DNA caused by oxidized bases, OS might lead to numerical aneuploidy due to the mis-segregation of whole chromosomes that results from replication problems.

Moreover, OS can affect replication through several parallel mechanisms. First, replication stress can be generated by OS-induced DNA damage. Indeed, some types of oxidized bases can block the progression of polymerases \[[@pgen.1006007.ref020]\], and OS-induced DSBs can lead to RF collapse. Second, the OS-induced oxidation of proteins involved in replication may alter replication initiation \[[@pgen.1006007.ref021]--[@pgen.1006007.ref026]\]. Third, we show here that the redox status of the cells strongly affects the dNTP pool.

The data presented here also reveal that the absence of HR exacerbates the replication stress that results from endogenous OS. First, the level of endogenous ROS is increased in *HR*^*-*^ cells. Cells defective in different DNA repair actors, such as ataxia telangiectasia, Fanconi anemia, and Cockayne and Bloom syndrome cells or BRCA1-defective cells, commonly show elevated levels of endogenous ROS \[[@pgen.1006007.ref027]--[@pgen.1006007.ref032]\]. Thus, the elucidation of the origin(s) of the elevated level of endogenous ROS in DNA repair-defective cells represents an exciting challenge for future studies. Remarkably, supplying dNs and treating the cells with anti-oxidants both restore the replication speed in *HR*^*-*^ cells without affecting the replication kinetics of WT cells (compare the present data with previous data \[[@pgen.1006007.ref004]\]). Interestingly, NAC treatment increases the concentrations of all dNTPs, thus corresponding to a situation similar to the supply of exogenous dNs. In many different situations, supplying dNs rescues decelerated replication speed \[[@pgen.1006007.ref004],[@pgen.1006007.ref040]--[@pgen.1006007.ref043]\]. In particular, nucleotide deficiency has been proposed as a cause of genetic instability during the early steps of cancer development \[[@pgen.1006007.ref041]\]. Therefore, it is tempting to speculate that anti-oxidant treatment might also recue replication and genome stability in these other situations.

ROS can alter replication through different mechanisms, including replication protein oxidation and oxidative damage to the DNA, leading to RF arrest. We show here that *HR*^*-*^ cells accumulate DNA damage that is rescued by anti-oxidant treatment. Such DNA damage accumulation in *HR*^*-*^ cells can result from several causes: 1- the increase of endogenous ROS in *HR*^*-*^ cells, as shown here, and 2- the accumulation of unrepaired recombinogenic damage. In addition, we show here that OS stimulates HR. However, because replication stress induces HR \[[@pgen.1006007.ref049]\], the fact that OS-induced HR is rescued by supplying dNs suggests that in fact, enhanced HR results from the replication stress generated by the OS.

Collectively, these data can be unified as follows ([Fig 8](#pgen.1006007.g008){ref-type="fig"}).

![Impact of endogenous versus exogenous OS on replication.\
**A/** In WT cells, endogenous OS can produce spontaneous DNA damage, replisome alterations and dNTP pool restriction. However, the cells have reached a steady state that allows the delivery of dNTPs to DNA repair without affecting replication. **B/** An exogenous OS stress or HR defect increases the level of endogenous ROS, generating additional DNA damage (1) and altering replisome proteins (2) and the dNTP pool (3). In addition, the accumulation of DNA damage diverts dNTPs at the expense of replication. All of these processes affect replication dynamics, leading to chromosome segregation defects. Supplying dNs rescues both DNA repair and replication.](pgen.1006007.g008){#pgen.1006007.g008}

ROS can alter replication through different targets: DNA damage \[[@pgen.1006007.ref020]\], replication proteins \[[@pgen.1006007.ref021]--[@pgen.1006007.ref026]\], and the nucleotide pool (present data). When maintained at 20% O~2~, WT cells have adapted to manage both the DNA damage and replication stress that result from endogenous OS. Indeed, neither maintaining unchallenged WT cells at low O~2~ concentrations nor treatment with NAC modified the replication fork kinetics of the cells. In addition, supplying dNs to unchallenged WT cells does not affect the replication speed \[[@pgen.1006007.ref004]\]. However, transient exposure to exogenous OS alters the nucleotide pool, generates DNA damage and might alter replication proteins, which all affect RF progression. The nucleotide pool has been shown to be a limiting factor in yeast \[[@pgen.1006007.ref038]\]. The fact that doses of HU as low as 10 μM, which only slightly alter the dNTP pool (see [Fig 5](#pgen.1006007.g005){ref-type="fig"}), alter the replication speed \[[@pgen.1006007.ref004]\] suggests that the dNTP pool is also a limiting factor in mammalian cells. However, the nucleotide pool is not expendable, even after genotoxic stress \[[@pgen.1006007.ref052],[@pgen.1006007.ref053]\]. The accumulation of endogenous damage should then lead to the consumption of dNTPs for DNA repair at the expense of DNA replication, resulting in a dNTP shortage for replication and subsequently in replication stress, which should induce HR. Supplying nucleotides to OS-exposed WT cells abrogates the nucleotide shortage for replication, thus rescuing the replication speed and *in fine* normal HR levels. Importantly, under anti-oxidant conditions, the dNTP pool increases and therefore should not constitute a limiting factor. Similar to many other DNA repair-deficient cells, *HR*^*-*^ cells exhibit high levels of endogenous ROS, leading to the accumulation of DNA damage and an unbalanced dNTP pool. This scenario generates replication stress that ultimately leads to mitotic segregation defects \[[@pgen.1006007.ref004]\]. Finally, supplying dNs suppresses the nucleotide shortage for replication, thus rescuing the replication speed. Antioxidant treatments, which decrease DNA damage in parallel, also increase the nucleotide pool and should thus suppress the dNTP shortage for replication. These situations rescue both the replication speed and the uneven centrosome duplication that occurs during mitosis. It is tempting to speculate that other endogenous stresses that may also alter replication, such as RNA/DNA hybrids, lead to a similar scenario.

Endogenous stress is a challenge that is encountered by cells daily, which can lead to genetic instability and tumor development or senescence initiation/progression. Here, we show that two major endogenous stresses are linked because endogenous OS is able to provoke spontaneous replication stress, leading to the formation of extra centrosomes during mitosis and subsequent aneuploidy. The present data highlight the importance of HR in protecting against the chromosome instability that is generated by endogenous oxidative stress.

Materials and Methods {#sec011}
=====================

Cell lines and treatments {#sec012}
-------------------------

The cell lines that were used in this study were derived from hamster V79 cells because several extensively characterized *HR*^*-*^ mutants exist in this background. V79SM24 is a V79-derivative cell line that stably expresses the dominant-negative RAD51 SMRAD51; V79-puro cells are V79 cells that are stably transfected with empty expression vectors \[[@pgen.1006007.ref036],[@pgen.1006007.ref037]\]. We also used the V-C8 cell line, which is defective in the BRCA2 gene, and its counterpart V-C8\#13, in which BRCA2 is complemented by human chromosome 13 \[[@pgen.1006007.ref033]\]. V-C8\#13 cells corresponded to a second WT cell line. Additionally, replication velocity has been widely analyzed in these cell lines \[[@pgen.1006007.ref004],[@pgen.1006007.ref018]\].

The cell lines were cultured at 37°C under 5% CO~2~ in MEM supplemented with 10% fetal bovine serum, 2 mM glutamine, 200 IU/ml of penicillin and 200 μg/ml of streptomycin.

The cells were exposed to H~2~O~2~ or NAC for 48 hours (fresh H~2~O~2~ or NAC were added every 24 hours at the indicated doses). The cells were maintained under 3% oxygen for several weeks prior to the analyses.

Nucleotide precursors were supplied by adding a mixture of the four dNs (20 μM each) for 48 h. Deoxycytidine (Sigma D0776) was solubilized in 1 M NaOH (100 mM). Deoxyadenosine (Sigma D8668) was solubilized in 0.1 M NaOH (20 mM). Thymidine (Sigma T1895) was solubilized in H~2~O (50 mM). Deoxyguanosine (Sigma D7145) was solubilized in 1 M NH~4~OH (100 mM).

Molecular combing {#sec013}
-----------------

Molecular combing was performed as described previously \[[@pgen.1006007.ref054]\]. IdU and CldU labeling (20 min pulse labeling each) were performed as described previously \[[@pgen.1006007.ref040]\]. The analogs were revealed by incubating coverslips for 1 hour with a 1/5 dilution of a mouse anti-BrdU FITC antibody (Becton Dickson) and a 1/25 dilution of a rat anti-BrdU antibody (Seralab). After washing with 0.5 M NaCl, 20 mM Tris pH 7.8 and 0.05% Tween, the coverslips were incubated with secondary antibodies, including a 1/50 dilution of an Alexa Fluor 488-conjugated goat anti-mouse antibody (Molecular Probes) and a 1/50 dilution of an Alexa Fluor 594-conjugated goat anti-rat antibody (Molecular Probes). After washing, the coverslips were incubated sequentially with three antibodies, including a 1/100 dilution of a mouse anti-DNA antibody (Argene Biosoft), a 1/50 dilution of a rabbit anti-mouse Alexa 350 antibody (Molecular Probes) and a 1/25 dilution of a goat anti-rabbit Alexa 350 antibody (Molecular Probes). One hundred fifty fibers with symmetrical green-red labeling were analyzed for each cell line. The images were obtained and processed as described previously \[[@pgen.1006007.ref040]\]. To focus on replication kinetics, we focused here on symmetrically double-labeled fibers, as described previously \[[@pgen.1006007.ref004],[@pgen.1006007.ref040],[@pgen.1006007.ref055]\].

Centrosome analysis {#sec014}
-------------------

The cells were fixed in methanol for 15 min at --20°C and were then permeabilized with acetone. After three washes with PBS, the cells were blocked with 2% bovine serum albumin for 30 min and washed three times with PBS. The centrosomes were then stained with a γ-tubulin antibody (Sigma) that was diluted 1/200 in 0.5% BSA and 0.05% Tween for 1 hour at 37°C. The cells were washed three times with 0.05% Tween in PBS and incubated with an anti-rabbit antibody that was coupled to cyanine 2 (Jackson) and diluted 1/300 in 0.5% BSA and 0.05% Tween for 1 hour at 37°C. After three washes with 0.05% Tween in PBS, the cells were incubated with DAPI (5 μg/ml). For each cell line, 200 metaphase cells were analyzed.

ROS measurement {#sec015}
---------------

Cellular ROS production was measured using a DCFDA assay kit according to the recommendations of the manufacturer. DCFDA (2',7'-dichlorofluorescein diacetate), which is a cell-permeable fluorogenic dye, is deacetylated to a non-fluorescent compound by cellular esterases and later oxidized by ROS into the highly fluorescent 2',7'-dichlorofluorescein (DCF), which measures hydroxyl, peroxyl and other ROS activity within the cell. A total of 10^5^ cells/well were plated in 6-well plates and cultured at 37°C in 5% CO~2~. After 2 days, the cells were rinsed in PBS, then incubated in 10 μM CM-H2DCF-DA (Life Technologies, USA) in DMEM with 1% FBS (Ex: 495 nm, Em: 520 nm) at 37°C for 45 min in the dark. The cells were trypsinized and re-suspended in DMEM with 1% FBS. The pelleted cells were washed again, and the pelleted live cells were re-suspended in PBS and analyzed using a BD Accuri C6 flow cytometer (BD Biosciences, San Diego, CA) with an FL1 laser (515--545 nm). The data are presented as the mean percentage of four independent experiments. Relative changes in DCF fluorescence were expressed as the fold increase in comparison to untreated cells.

HR measurement {#sec016}
--------------

The cells were exposed to H~2~O~2~ at the indicated doses for 48 hours. For each data point, 2x 10^5^ cells were analyzed by FACS to monitor GFP-positive cells.

Nucleotide quantification {#sec017}
-------------------------

The cells were washed with phosphate buffered saline (PBS), and the nucleotides were extracted with 3 ml of a mixture containing methanol and water (70/30; v/v). The extract was transferred into a tube, shaken for 30 s, and frozen at -80°C for further analyses. On the day of the analysis, the samples were vortexed vigorously after the addition of labeled calibration standard (2'-deoxyadenosine-^13^C~10~,^15^N~5~ 5'-triphosphate, 2'-deoxycytidine-^13^C~9~,^15^N~3~ 5'-triphosphate, 2'-deoxyguanosine-^13^C~10~,^15^N~5~ 5'-triphosphate and thymidine-^13^C~10~,^15^N~2~ 5'-triphosphate) and labeled internal standard (adenosine-^13^C~10~ 5'-triphosphate and cytidine-^13^C~9~ 5'-triphosphate) solutions. Next, the samples were centrifuged for 10 min at 15,000 g, and the supernatants were evaporated to dryness under nitrogen at 37°C. Finally, the residues were resuspended before injection into the liquid chromatography-tandem mass spectrometer. The analytical conditions used to quantify dATP, dGTP, dCTP and dTTP have been described previously \[[@pgen.1006007.ref045]\]. The results for the quantification of the deoxynucleotides were normalized for one million cells.

Western blotting {#sec018}
----------------

Non-reduced protein extracts (30 μg) were resolved using 8% SDS-PAGE, transferred to a nitrocellulose membrane, and probed with the following specific antibodies: anti-R1 (sc-11733, Santa Cruz), anti-R2 (sc-10844, Santa Cruz), and anti-tubulin (Sigma \#T5168). Immunoreactivity was visualized using an enhanced chemiluminescence detection kit (Pierce ECL Western Blotting Substrate, Thermo Scientific).

Immunofluorescence {#sec019}
------------------

The cells were grown on glass coverslips, fixed with 2% paraformaldehyde and permeabilized with 0.5% Triton-X100. After blocking, the cells were incubated with anti-XRCC1 (ab1838, Abcam, Inc.) or anti-phospho-Histone H2A.X (Ser139) primary antibodies (clone JBW301, Merck-Millipore, USA) diluted in PBS containing 1% BSA and 0.05% Tween. After washing with PBS containing 1% BSA, the cells were incubated with Alexa 488-conjugated anti-mouse secondary antibodies (Invitrogen, Molecular Probes) and stained with DAPI. Images were captured using a Zeiss motorized Axio Imager Z2 epifluorescence microscope with a ×63/1.4 NA oil immersion objective equipped with a Hamamatsu camera. Data acquisition was performed using AxioVision (4.7.2.). The number of foci per nucleus was measured with the Image J software.

Statistical analyses {#sec020}
--------------------

The distributions of RF velocity and origin firing in HR^-^ and WT cells were compared using the Mann-Whitney test.

Supporting Information {#sec021}
======================

###### Replication speed in human lymphoblastoid (JEFF) cells upon silencing of RAD51.

(DOCX)

###### 

Click here for additional data file.

###### Survival after exposure to 10 μM H~2~O~2~.

(DOCX)

###### 

Click here for additional data file.

###### Redox status of RRM2 after exposure to H~2~O~2~ and in HR- cells.

(DOCX)

###### 

Click here for additional data file.
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